Epilepsies and neuronal plasticity: for better or for worse? by Ben-Ari, Yehezkel
Epilepsies and neuronal plasticity: for better or for
worse?
Yehezkel Ben-Ari
To cite this version:
Yehezkel Ben-Ari. Epilepsies and neuronal plasticity: for better or for worse?. Dialogues in
Clinical Neuroscience, Institut La Confe´rence Hippocrate – Servier Research Group, 2008, 10
(1), pp.17-27. <inserm-00483486>
HAL Id: inserm-00483486
http://www.hal.inserm.fr/inserm-00483486
Submitted on 14 May 2010
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de
recherche franc¸ais ou e´trangers, des laboratoires
publics ou prive´s.
etworks are endowed with the capacity to gen-
erate a large repertoire of behaviorally relevant patterns
and oscillations relying on the intrinsic properties of
assemblies of interconnected neurons.These oscillations
are not only involved in integrative programs, but also
play an important role in the induction of long-lasting
modifications of synapse efficacy.1-9 Recurrent activation
of synapses and interconnected networks leads to vari-
ous forms of neuronal plasticity that constitute the main
mechanisms on which networks rely to augment or
reduce the response to incoming information.3,10 These
mechanisms have been extensively investigated, relying
on protocols that induce short- and long-term potentia-
tion and depression of synaptic efficacy.11-14 They are usu-
ally triggered by a rise in [Ca 2+]i that initiates a cascade
of molecular events and more permanent changes asso-
ciated with the formation of novel synapses.These mech-
anisms constitute the core of the modulation by activity
and experience of network activity and the essence of
memory processes.11-14
Epilepsies are associated with episodes of
altered/enhanced activity, and therefore they are
expected to also produce long-term alterations in synap-
tic efficacy and network reorganizations. Studies per-
formed in the last 2 to 3 decades have shown that
“seizures beget seizures,” with a cascade of events trig-
gered by seizures that transform a naive network into
one that generates seizures.15-20 The sequence starts with
an inaugurating event/insult, followed by a cascade of
molecular and biochemical events that produce the
quasi-permanent shift. They culminate with a reactive
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Extensive experimental investigations have confirmed
that “seizures beget seizures.” Thus, in adults, limbic
seizures lead to cell loss, followed by the formation of
novel excitatory synapses that contribute to generating
further seizures. The triggering signal is an enhance-
ment of synaptic efficacy, followed by a molecular cas-
cade that triggers axonal sprouting. New synapses are
aberrant, since they are formed in regions in which
they are not present in controls. They also involve
receptors that are not present in controls, and this facil-
itates the generation of seizures. Therefore, an aber-
rant form of reactive neuronal plasticity provides a sub-
strate for the long-lasting sequelae of seizures. Since
these events take place in brain structures involved in
integrative and mnemonic functions, they will have an
important impact. Reactive plasticity is documented for
other insults and disorders, and may be the basis for
the long-term progression of neurodegenerative dis-
orders. 
© 2008, LLS SAS Dialogues Clin Neurosci. 2008;10:000-000.
plasticity associated with sprouting of axons and the for-
mation of novel synapses that appear to play a central
role in the generation of seizures. These novel synapses
are aberrant, since they are formed on neurons that do
not possess these inputs in naive conditions.They are also
unique to epileptic tissues, as they use receptors and sig-
nals that do not operate in controls (reactive plasticity).
These important features have several important funda-
mental and applied consequences.
This paper will discuss these issues, stress the similarities
and differences between physiological and pathogenic
forms of neuronal plasticity, and ask the following ques-
tions: Do seizures lead to similar alterations as episodes
of enhanced activity engaged in memory processes? If
not, how do they differ? Are physiologically relevant
mechanisms altered to leave a trace of the original insult,
leading to the pathogenic generation of abnormal pat-
terns and their neurological correlates? Since alterations
of neuronal activity are observed in other disorders, is
reactive plasticity also involved in nonepileptic types of
disorders? Finally, the general implications of these
observations will be briefly discussed. Since seizures also
induce long-lasting sequelae in developing brain struc-
tures, but by quite different means, the relationship
between seizures and epilepsies in the developing brain
will also be briefly addressed.
The hippocampal circuitry: 
a target for studies on various 
forms of neuronal plasticity
Most of our understanding of the mechanisms of neu-
ronal plasticity and their link with seizures comes from
studies devoted to the hippocampus.This “simple” corti-
cal structure is composed of a principal layer—the pyra-
midal and granule cell layer—and molecular layers with
basal and apical dendrites of principal neurons—the stra-
tum oriens and stratum radiatum respectively. These
principal neurons are excitatory, using glutamate as a
transmitter with primarily α-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid (AMPA) receptors to
generate the fast-acting excitatory postsynaptic currents
(EPSCs). Powerful stimulation can also activate N-
methyl-D-aspartic acid (NMDA) receptors—a calcium-
permeable receptor channel complex that is blocked in
physiological conditions by Mg++ ions in a voltage-
dependent manner.21 The increase in the intracellular
concentration of calcium leads to a cascade of molecular
events that will produce long-lasting quasi-permanent
changes in synaptic efficacy, primarily by means of post-
synaptic mechanisms.14,22 In addition, a plethora of
inhibitory γ-aminobutyric acid-(GABA)ergic neurons
and synapses provide a highly specific pattern of inner-
vations that modulate neuronal excitability and thus con-
trol the entire network and the generation of behav-
iorally relevant oscillations.
The basic circuit is organized around a trisynaptic exci-
tatory circuit, with a massive input originating in the
entorhinal cortex that innervates the apical dendrites of
the granule cells, followed by the axons of granule cells
that establish giant mossy fiber synapses with the proxi-
mal segment of the CA3 pyramidal neurons and finally
the axons of the latter—the Schaeffer collateral—that
innervate the apical dendrites of CA1 pyramidal neurons.
CA3 pyramidal neurons also send out an extensive net-
work of recurrent collaterals that innervate via other
CA3 pyramidal neurons, facilitating the generation of
synchronized activities and seizures.The CA3 pyramidal
system is amongst the brain regions the most susceptible
to seizures, triggering events, and drugs, mostly because
of an abundant excitatory recurrent collateral net of
synapses between pyramidal neurons that will facilitate
the emergence of synchronized activities.
Physiological and pathological 
forms of long-term potentiation 
of synaptic efficacy
High-frequency stimuli of synapses generate a long-term
potentiation of synaptic transmission with long-lasting
enhanced EPSCs.The induction is generated by an influx
of calcium, mainly mediated by NMDA receptors, and
the expression is mediated by a persistent increase in the
density of AMPA receptors.13,14 In most protocols, NMDA
receptors play an important role in the induction but not
the expression of the augmented signals, ie, AMPA not
NMDA receptor-mediated EPSCs are augmented by the
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Selected abbreviations and acronyms
AMPA -amino-3-hydroxy-5-methylisoxazole-4-propi-
onic acid
EPSC excitatory postsynaptic current
GABA -aminobutyric acid
HFO high-frequency oscillations
LTP long-term potentiation
NMDA N-methyl-D-aspartic acid
protocol. Brief seizures produced for instance by brief
applications of the powerful convulsive agent kainate
(see below) also induce a long-term potentiation (LTP)
of EPSCs.20 Like physiological LTP, the induction of this
process is mediated by the activation of NMDA recep-
tors. However, the expression of this “epileptic LTP” also
involves NMDA receptor-mediated EPSCs that are per-
sistently facilitated.23,24 Thus, seizures produce long-last-
ing alterations of synapse efficacy, but the underlying
mechanisms are different. Several mechanisms have been
suggested to explain the persistent increase of NMDA
receptor-mediated EPSCs, including alterations of regu-
lating sites of the receptor channel complex.23,24
Interestingly, other insults also produce long-term alter-
ations of synaptic efficacy, including brief anoxic insults,
suggesting that pathological forms of LTP may constitute
a general mechanism involved in translating their dele-
terious sequelae into alterations of synapse efficacy.25,26
Therefore, episodes of augmented activity or other insults
do lead to persistent changes of synaptic efficacy, some-
how deviating physiological processes.
Kainic acid: an analogue of glutamate 
that plays an important role in 
neuronal synchronizations
Purified-form marine algae, kainic acid, is an analogue of
glutamic acid that produces a long-lasting excitation of
neurons via a subclass of glutamate receptors.27,28 These
receptors are enriched, notably on mossy fiber synapses
established on the proximal apical dendrites of CA3
pyramidal neurons (stratum lucidum).19 More recent
studies have shown kainate receptor-mediated synapses
confirming their role in physiological conditions. Thus,
“pure” kainate receptor-mediated EPSCs are recorded
in CA3 pyramidal neurons.29,30 These EPSCs differ from
AMPA receptor-mediated EPSCs by their longer kinet-
ics and their smaller amplitude. In addition, mixed
AMPA/kainate receptor-mediated EPSCs are also
recorded, indicating that both receptor types are involved
in mediating fast glutamatergic synaptic activity. Kainate
receptors are also enriched on GABAergic interneurons,
where they provide almost half the ongoing glutamater-
gic activity.29,31 A direct association between mossy fiber
terminals and “kainatergic” synapses has also been
shown, confirming the close relationship between kainate
signaling and the CA3 mossy fiber terminals.29
Kainatergic postsynaptic currents (PSCs) have a slower
and smaller amplitude than the conventional AMPA
receptor-mediated currents, suggesting that they will play
different tunes in the generation of synchronized oscilla-
tions.
Several subclasses of kainate receptors have been cloned,
including the GluR5 subunits that are enriched on
interneurons, and the GluR 6 subunits enriched on mossy
fiber synapses.32-34 The GluR 6 subunits are enriched on
mossy fiber terminals, and have been associated with
seizures.The threshold for seizure generation is reduced
in transgenic animals depleted of this subunit.17,35,36 On the
other hand, GluR 5 subunits are enriched on interneu-
rons where they provide as much as half of the excitatory
inputs.17,37 Therefore, kainate signaling will both facilitate
paroxysmal activity by means of GluR 6 receptor-con-
taining synapses, and prevent seizures by means of GluR
5 receptor-containing synapses and the augmented inhi-
bition that they produce.31,38
The kainate animal model generates a seizure
and brain damage syndrome that mimics
human temporal lobe epilepsies
Systemic or intracerebral injections of kainate generate
long-lasting limbic seizures, followed by a pattern of
lesions in the hippocampus and other limbic struc-
tures.17,27,39,40 The electrographic pattern and the subse-
quent lesions have a distribution that is quite similar to
that observed in patients suffering from temporal lobe
epilepsy (TLE) with a preferential involvement of the
CA3 and CA1 regions, GABAergic interneurons, and the
pyriform cortex, as well as other limbic cortices and sub-
cortical regions.The amygdala plays a central role in the
sequence, as suggested by the powerful actions of very
low concentrations of kainate injected in that region and
the clinical and electrographic signs that imply the
involvement of that structure (ref?). Extensive investi-
gations clearly indicate that the neuronal cell loss is at
least in part due to the excessive activation of certain glu-
tamatergic fibers, and in particular the mossy fiber ter-
minals that produce a lesion of the neurons that they
innervate.
From cell loss to neosynapse formation
Neurons adjacent to, or even linked to, damaged neurons
do not remain idle. Studies in the early 1970s had already
shown that in the hippocampus, lesions of the perforant
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pathway leads to a reorganization of other inputs, with
aberrant connections being formed.41 Sprouting after an
episode of status epilepticus has been extensively illus-
trated with kainate and other models of seizures. In the
early 1980s, studies relying on the unique feature of
mossy fibers—the high density of zing-positive Timm
stain and of high-affinity kainate receptors—showed that,
after seizures, an additional band of mossy fiber termi-
nals is formed (Figures 1 to 3).19,42-45 This has been exten-
sively confirmed in a variety of animal models of epilep-
sies, and in human temporal lobe epileptics and other
types of epilepsies.46 The formation of novel synapses was
also shown by electron microscopy, relying on the unique
features of mossy fiber terminals that form the largest
complex of postsynaptic excrescences readily identified
with certainty.47 Therefore, new synapses are formed after
status epilepticus, and many of these synapses are aber-
rant, ie, present on target neurons that are not innervated
by these neurons in naive networks.
Studies using molecular biology tools indicate that after a
status epilepticus as many as 1000 genes are activated.48-51
These occur with a progressive time course—from imme-
diate early genes to growth factors (hours after the
event) to receptors and cell adhesion molecules days
later, providing a likely scenario of molecular cascades
B a s i c  r e s e a r c h
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Figure 1. Sprouting of fibers in the hippocampus of epileptic rats. Morphological reconstruction of CA1 hippocampal neurons intracellularly injected
with dyes weeks after an inaugurating status epilepticus. Note the extensive sprouting of axons, including to layers (the molecular layers) that
are not innervated by pyramidal axons in controls. O, stratum oriens; P, stratum pyramidale; R: stratum radiatum; S, xxxxxx
Reproduced from ref 44: Esclapez M, Hirsch JC, Ben Ari Y, Bernard C. Newly formed excitatory pathways provide a substrate for hyperexcitability in experimental
temporal lobe epilepsy. J Comp Neurol. 1999;408:449-460. Copyright © Wiley-Liss 1999
Figure 2. Electron microscopic identification of aberrant mossy fiber ter-
minals on granule cells weeks after an inaugurating status. Note
the formation of synapses in regions that are not innervated by
mossy fibers in controls. These aberrant synapses have all the
typical unique features of mossy fiber terminals, notably the
large size and the enrichment in vesicles. 
Reproduced from ref 45: Represa A, Pollard H, Moreau J, Ghilini G,
Khrestchatisky M, Ben-Ari Y. Mossy fiber sprouting in epileptic rats is
associated with a transient increased expression of alpha-tubulin.
Neurosci Lett. 1993;156:149-152. Copyright © Elsevier Scientific
Publishers Ireland 1993
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set in motion by the episode of hyperactivity. The actual
sprouting is most likely terminated within 1 to 2 weeks.
The functionality of these novel synapses was confirmed
with electrophysiological recordings.Thus, recordings of
pyramidal neurons after a status epilepticus showed an
increased frequency of glutamatergic EPSCs, in keeping
with the increased density of glutamatergic terminals
(Figure 4, also see below).44,52,53
Since GABAergic interneurons also degenerate,
inhibitory currents were also expected to be affected.
Earlier studies suggested that a reduction in GABAergic
inhibition precedes the initiation of ongoing seizures by
the epileptic circuit.54,55 Recordings made more recently
from a variety of interneurons and the somata and den-
drites of principal cells showed a massive reduction of the
frequency of GABAergic PSCs in the dendrites of the
principal cells, in keeping with the preferential degener-
ation of somatostatin-positive interneurons that inner-
vate selectively the dendrites of pyramidal neurons.56,57
The frequency of GABAergic PSCs recorded in the
somata of principal neurons was not significantly differ-
ent from controls (ref?). Therefore, a dual consequence
of seizures on inhibition will occur with a loss of dendritic
inhibition but a preservation of somatic inhibition.
Interestingly, whereas somatic inhibition controls the
generation of spikes and the output of the system, den-
dritic inhibition controls the currents generated by
incoming EPSCs and therefore the inputs of the net-
work.58 Therefore, although the threshold of seizures is
reduced in epileptic networks, the control of somatic
activity still operates and prevents an ongoing status
epilepticus. Most importantly, these observations suggest
that reactive plasticity does not occur in GABAergic
neurons, since the loss of dendrite inhibition is perma-
nent. This difference between anatomic plasticity and
reaction to damage may constitute a major property of
networks in neurodegenerative disorders.
The operation of epileptic and naive 
networks: similar but different
Newly formed synapses are aberrant anatomically, but
also in their operation. Thus, in controls, granule cells
operate exclusively by means of AMPA (and NMDA)
receptor-mediated channels. In contrast, weeks after
seizures, when novel synapses have been formed, they
also display pure kainate receptor-mediated EPSCs.59
Therefore, the sprouting of mossy fibers imposes the for-
mation of aberrant kainatergic synapses in the novel tar-
gets of mossy fibers (Figure 3).19 These new synapses will
have important consequences on the operation of this
essential input of the hippocampal formation. Indeed,
AMPA receptor-mediated EPSCs are brief, with a short
latency and a time-locked precise response, therefore
generating large synchronized currents. In contrast, kai-
nite-operated currents are of small amplitude, long dura-
tion, and there are probably more opportunities for sum-
mations and alterations of synapse efficacy. To sum up,
epileptic tissues have epileptic synapses that are unique
to this tissue, in that they have an aberrant distribution
and a signaling profile that promotes synchronized activ-
ities.This important observation implies clearly that even
in the absence of seizures, “epileptic networks” operate
differently from control ones. It also shows also why the
link between kainate receptors, seizures, and epilepsies is
instrumental.
Another illustration of the differences between naive and
genuine epileptic networks comes from studies in
humans: surgically removed hippocampal slices in
patients suffering from TLE. Electrophysiological record-
ings made in these slices show that in a significant per-
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Figure 3. Increased kainate receptors binding in regions innervated by
aberrant mossy fibers. There is an increased density of receptors
thirty days, but not 12 days, after an inaugurating status. The
latency correlates with the time needed to form novel synapses. 
Reproduced from ref 19: Represa A, Tremblay E, Ben-Ari Y. Kainate bind-
ing sites in the hippocampal mossy fibers: localization and plasticity.
Neuroscience. 1987;20:739-748. Copyright © Elsevier Science 1987
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centage of neurons, GABA has a depolarizing action
because of an accumulation of chloride in neurons and
thus a different gradient for chloride.60 Indeed, GABA
excites neurons in the epileptic network; this is expected
to lead to major changes in the operation of the network,
since inhibitory GABA plays a central role in the gener-
ation of oscillations. This property also illustrates yet
another property of networks in degenerative disorders:
the return to immature properties. Indeed, in all devel-
oping brain structures and animal species, there is a higher
[Cl -]i, a property that appears to have been preserved
throughout evolution.61,62 The consequence is that GABA
excites immature neurons, generating sodium and calcium
action potentials and producing a large calcium influx that
underlies the trophic actions of GABA on developing
neurons.63 There are several indications that after insults
of different types, the neurons recuperate or return to
their immature situation, at least as far as some signals are
concerned, with the expression of various factors only
found during development:“epileptogenesis recapitulates
ontogenesis.”These effects are due to a loss of a chloride
cotransporter that acts to remove chloride from neu-
rons.64-66 Here again, the genuinely epileptic tissue has
unique features not found in naive networks.
Anoxic insults lead to similar 
post-traumatic alterations
Reactive plasticity is not restricted to epilepsies. Indeed,
it has long been recognized that ischemic insult augments
the occurrence of seizures and late-onset epilepsy in
humans and in animal models.67-69 A remodeling of neu-
ronal networks also often follows the cell loss produced
in CA1 pyramidal neurons after a four-vessel occlusion
model.70,71 The damage includes various GABAergic
interneurons, and is associated with long-term hyperex-
citability.53,67 Electrophysiological recordings of CA3
pyramidal neurons suggest that important morphofunc-
tional reorganization has occurred, and that this is irre-
versible.26 Sprouting of mossy fibers has also been docu-
mented after ischemic insults,67 as well as an increased
glutamatergic activity manifested by a dramatic enhance-
ment of both the frequency of spontaneous glutamater-
gic EPSCs and that of miniature synaptic currents, sug-
gesting an enhanced quantal release of glutamate.
Therefore, cell loss produces massive modifications of the
entire circuit, including neurons that are afferent to the
damage and are associated with reorganization of net-
works. These alterations may then lead to hyperactivity
and seizures in the postischemic network, in keeping with
the extensive clinical data suggesting postischemic hyper-
activity.
General implications of these observations
The first implication of these observations is that seizures
beget seizures. This is not acknowledged by many clini-
cians, primarily concerning temporal lobe seizures, since
surgery often alleviates the ongoing seizures. Had alter-
ations occurred, and if seizures begot seizures, then this
would not be the case. However, it may be worth stress-
ing that antiepileptic regimens are usually pursued after
successful surgery; this is not readily compatible with a
completely focal origin and restriction of the events. In
addition, the removal in successful operations of large
samples of the presumed focus may reflect the need to
remove generators other than the identified focus, possi-
bly because of generalization of seizures and alterations
of sites distal to the focus. In other terms, we do not know
at present whether the morphological substrate of the
focus corresponds exactly to the electrical pacemaker cell
assembly. I suggest that this is not the case, and that an
ensemble of neurons outside the focus —in the vicinity
of, or in distal regions connected to the focus—contribute
to the damage and the seizures. However, additional
experiments are clearly needed to clarify how many
seizures lead to synapse reorganizations, and how this
contributes to the formation of distal independent pace-
maker cell assemblies (see also below).We need to com-
pare the extent of the damage after a few seizures to that
observed after a long period of ongoing seizures. My pre-
dictions are that these will differ significantly.
The second implication is that epileptic networks may
well operate differently from naive ones, independently
of the epileptogenicity. Thus, if aberrant synapses oper-
ate with different receptors, the generation of behav-
iorally relevant oscillations by the network will be
affected. The kinetics of epileptic kainite-mediated
synaptic currents is much longer than the naive AMPA
currents, and thus the generation of high-frequency oscil-
lations and the integrative properties are expected to be
affected. Since epileptic networks use similar ensembles
to those that generate important integrative functions,
they are expected to impact these functions. In keeping
with this, place cells operate differently in naive hip-
pocampi and in epileptic ones.72
B a s i c  r e s e a r c h
80
The third implication is that reactive plasticity should be
taken more into account in our understanding of epilep-
sies, and possibly also neurodegenerative disorders. If
synapses reorganize, new ones are formed, and a fortiori
if these operate by different receptors and intracellular
signals, then it may be worth using genuine epileptic net-
works to understand the underlying mechanisms and
develop new antiepileptic drugs and regimens. Using a
naive network that seizes acutely under the influence of
a convulsive agent is to a large extent irrelevant. This
approach, which is by far the most used to study basic
mechanisms of epilepsies and develop new drugs, simply
does not take into account the salient feature of genuine
epilepsies, namely the aberrant synapses and signals as
well as the unique networks formed a few weeks after
the inaugurating event. Stated differently, it is important
to study the chronic aspects of genuine epilepsies and not
convulsions. An anticonvulsant drug may not be an effi-
cient antiepileptic one. The following section illustrates
this for the developing brain, which operates differently
from the adult brain, yet still provides interesting ele-
ments for the debate.
In the developing brain, seizures 
also beget seizures, but differently
Do seizures also beget seizures in the developing brain?
This is important in view of the extensive experimental
data suggesting that immature neurons are more resis-
tant to insults in terms of neuronal cell loss than adult
ones. Thus, anoxic episodes require much longer dura-
tions and severity to produce cell loss early in life, in con-
trast to adults.73,74 Also, administration of kainate to pups
until the end of the second postnatal week triggers
seizures but no brain damage, and little if any apparent
signs of damage.27 Therefore, a long-lasting status epilep-
ticus can be generated in pups without neuronal damage
and reactive plasticity. Yet, these seizures can lead to
long-lasting consequences as shown by a lower threshold
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Figure 4. Enhanced glutamatergic activity in epileptic hippocampus weeks
after the inaugurating event. Slices were prepared from rats 4
weeks after the status produced by a single injection of pilo-
carpine. Note the considerable increase of spontaneous gluta-
matergic activity in the epileptic hippocampus (right side) ver-
sus a control slice (left). The bottom left column illustrates the
increase quantitatively (in frequency of glutamate EPSCs). The
right columns show a similar increase in the miniature PSCs
recorded after applications of tetrodoxin (TTX) to block activity-
dependent currents. This suggests a long-lasting increase in
quantal release of transmitter in the epileptic network.53 EPSCs,
excitatory postsynaptic currents; PSCs, postsynaptic currents
A B
C
Figure 5. Seizures beget seizures in the immature hippocampus. A triple
chamber is used (top left) with three compartments that accom-
modate each intact hippocampus and the connecting commis-
sural connections. When the powerful convulsive agent kainate
is applied, epileptiform activities are generated in the treated
side and propagate rapidly to the naive side (top left). After
repeated applications and seizure propagation to the naive side,
tetrodoxin (TTX) a blocker of action potentials and of the prop-
agation of seizures, was applied to the commissural chamber
and effectively blocked seizures. Note (bottom part) that seizures
were generated spontaneously by the naive hippocampus after
disconnection form the treated side: there is formation of an
epileptogenic mirror focus.76 
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for seizure generation and major alterations of several
intrinsic excitability in adults.75 A parsimonious explana-
tion for this paradox is that seizures in immature net-
works produce their long-lasting consequences by dif-
ferent mechanisms than in adults, and notably without
producing damage, but rather by altering activity and
developmental programs.
We developed a unique in vitro preparation to determine
the consequences of seizures on immature networks
(Figure 5).76 The two intact hippocampi are dissected
intact from immature rodent brains and placed in a
three-chamber compartments in which each chamber can
accommodate one hippocampus and the commissural
interhemispheric connections.77,78 Applications of a con-
vulsant agent to one hippocampus generated seizures
that propagated to the other hippocampus. After one
seizure, interruption of the propagation does not trans-
form the naive side to an epileptic one that generates
spontaneous seizures. In contrast, after recurrent
seizures,6-10 the naive side generates seizures when dis-
connected from the treated hippocampus; recurrent
seizures have formed an epileptogenic mirror focus
(Figure 5). Using this preparation, it is possible to deter-
mine the conditions needed to form a mirror focus and
those that define an epileptic network. It was found that
only seizures that include high-frequency oscillations
(HFOs, above 40 Hz) transform a naive network into an
epileptic one; lower frequency events can occur with lit-
tle consequences. The conditions required to generate
HFOs include operative NMDA receptors, since appli-
cations of an antagonist of these receptors to the naive
side blocked the HFO components of the propagated
seizures and prevented the formation of a mirror
focus.79,80 Since NMDA receptors play an important role
in triggering persistent changes of synaptic efficacy, these
observations illustrate the concept of pathological
changes of synaptic efficacy that rely on mechanisms
identified to play a role in physiological integrative and
memory processes. In other words, the formation of
epileptogenic foci occurs in regions known to play an
active role in plasticity, and relies on alterations of synap-
tic efficacy triggered by HFO components that are con-
stitutive of inaugurating seizures.
In further relevance to the abovementioned issues,
recordings in the established mirror focus show a stable
increase in [Cl -]i, and depolarizing and excitatory actions
of GABA.79 Therefore, recurrent seizures trigger a per-
sistent accumulation of chloride in neurons, in keeping
with the unique properties of epileptogenic networks and
the importance of taking into account the differences
between acute seizures and epilepsies.
Conclusion
In conclusion, these observations call for a re-examina-
tion of the study of epilepsies and other lifelong neuro-
logical disorders by examining the properties of chroni-
cally affected neurons and networks, rather than acute
models. The importance of reactive plasticity and the
unique features and signals of pathological networks sug-
gest that alterations that occur during the “maturation”
process of the focus contribute to the disorder, and must
be taken into account in its treatment. The nervous sys-
tem is extremely “plastic” and reacts to a lesion or a dis-
order by forming new synapses and new signaling cas-
cades that impact the operation of the structure in
ongoing conditions, independently of the pathological
events. ❏
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¿para mejor o para peor?
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